objective To study the distribution of vertical transmission of dengue viruses in field-collected Aedes aegypti larvae in the municipality of Arroyo Naranjo in Havana, Cuba.
Introduction
Dengue is the most important arthropod-borne viral disease, affecting nearly 390 million persons each year [1] . Moreover, 3900 million people living in tropical and subtropical regions are at risk of infection [2] . Aetiological agents of this entity are four antigenically distinct RNA viruses (DENV-1-4) of the family Flaviviridae, genus Flavivirus [3] . These viruses are mainly transmitted among humans by the widespread mosquito Aedes (Stegomya) aegypti [4] .
The clinical spectrum of dengue ranges from a non-severe form (NSD), with or without warning signs to a severe form (SD) [5] . Dengue infection induces lifelong protective immunity to the infecting serotype, but a secondary heterotypic infection (i.e. different serotype) is considered the main individual risk factor for SD [6] .
It has been estimated that only 25% of the total annual infections display apparent clinical features [1] . Nevertheless, the relative frequency of asymptomatic cases in relation to symptomatic ones varies according to the geographical area, the epidemiological context, the immunological background of the individual and the circulating serotypes [7] . Cuba has reported several epidemics (reviewed in [8] ). Despite efforts to control DENV transmission, co-circulation of serotypes has been reported recently in the human population [9] .
Aedes aegypti is the most anthropophilic mosquito and its behaviour is tightly linked to humans. Such domesticity contributes greatly to its capacity to transmit dengue, zika, yellow fever and chikungunya viruses [4] . Horizontal transmission (mosquito-human-mosquito) of DENVs largely determines the epidemiology of the disease.
However, vertical transmission (infected female mosquito-infected offspring) has been suggested as a mechanism that ensures maintenance of the virus in conditions adverse to horizontal transmission (i.e. harsh winters, inter-epidemic stages) [10] and as a potential influence on the epidemiology of dengue infection [11] . Recently, vertical transmission of DENV in Ae. aegypti was reported in Cuba [12] but it was not further explored.
Several studies verified the suitability of the DENV xenomonitoring model in immature mosquitos [11, [13] [14] [15] , which entails testing pre-adult vectors for the presence of the pathogen vertically acquired. This approach has also been proposed as a system for early detection of viral circulation to prevent outbreaks of this disease [11, 14] .
Vector control remains the only effective method to prevent DENV transmission, and could benefit from active surveillance of DENV in mosquito populations. We urgently need to extend our knowledge of DENV transmission and to improve surveillance to get ahead in DENV outbreaks. Thus, we aimed to determine the occurrence of vertical transmission of DENVs in Aedes aegypti and its distribution in a Havana municipality in 2013 and 2014. We also discuss the feasibility of DENV monitoring in immature stages of Ae. aegypti as a virologic surveillance tool.
Materials and methods

Study settings
The study was conducted in Arroyo Naranjo, a peripheral municipality of Havana. The area is divided into seven health areas (Mantilla, P arraga, Grimau, Los Pinos, Capri, El ectrico and Managua; Figure 1) , with an overall area of 82.18 km 2 (3184 ha urban, 5033 ha rural) and is one of the most densely populated areas with about 2500 inhabitants/km².
Arroyo Naranjo exhibits a high Ae. aegypti infestation index [16] that places the territory at important transmission risk. For this reason, entomological surveillance and vector control activities have been reinforced. As a result, mosquito samples were available to study DENV transmission.
Sampling of Aedes aegypti immature stages
Immature stages were collected monthly from September 2013 to July 2014 by the staff of the National Control Program of Aedes aegypti and Aedes albopictus of the Cuban Ministry of Health during their routine activities. Each sampling site was geo-referenced using GPS coordinates in MapInfo v.15.0 [17] and the information (date, breeding site type, number of individuals) of each sample was registered. Larvae and pupae were identified following Gonz alez [18] and each individual identified as Ae. aegypti was saved in ethanol 70%. Individuals from adjacent blocks in each time interval were pooled to up to 30-55 specimens.
RNA extraction and DENVs detection by RT-PCR
Each pool was homogenised into a total volume of 200 ll in a medium containing 2% foetal bovine serum (Gibco) and 1% PenStrep (100 U/ml Penicilium and 100 lg/ml Streptomycin). Following clarification by centrifugation at 4°C, 20 0009 g, viral RNA was extracted from 140 ll of mosquito suspension using QiAmp viral RNA mini-kit (Qiagen, Germany), according to the manufacturer's instructions. Rapid detection and typing of DENVs was performed using the conventional capsid and premembrane gene (C-prM) RT-PCR protocol [19] . Briefly, 10 ll of extracted RNA was amplified using the OneStep RT-PCR kit (Roche, Germany) with primers D1 and D2. A nested-PCR was then performed using 2 ll from the initial amplification reaction using Expand High Fidelity Kit (Roche, Germany) with D1 primer and those specific for each dengue serotype (TS1, TS2, TS3 and TS4). Briefly, 10 ll of extracted RNA was amplified using the OneStep RT-PCR kit (Roche, Germany) with primers D1 and D2. A nested PCR was then performed with 2 ll from the initial amplification reaction using the Expand High Fidelity Kit (Roche, Germany) with D1 primer and specific primers for each dengue serotype (TS1, TS2, TS3 and TS4). Negative controls consisted of RNA from uninfected pools of Ae. aegypti larvae reared in the laboratory, while positive controls consisted of RNA from uninfected pools of Ae. 
DENVs nucleotide sequencing
C-prM genes of DENV-positive samples were sequenced using the GenomeLab GeXP Genetic Analysis System (Beckman-Coulter, USA). All nucleotide sequences obtained in this study were edited using BioEdit Software [20] and compared with other DENV sequences available in GenBank, using Basic Local Alignment Search Tool (BLAST).
Calculation of minimum infection rate (MIR), proportion and appearance frequency of DENV serotypes
The minimum infection rate (MIR) in the immature population of Ae. aegypti was estimated as MIR = (PCR positive pools)/(total number individuals tested) 9 1000 [21] . The proportion of each serotype (number of positive pools to each serotype/total of positive pools) was calculated and expressed as a percentage.
DENVs' appearance frequency was expressed as the number of months in which one serotype was detected in Ae. aegypti vs. the total number of months in which entomological samples were examined.
Results
Of the 111 tested mosquito pools, 37 (33.3%) were infected with at least one DENV serotype. Overall, the minimum infection rate (MIR) in the municipal health areas ranged from 11.64 (Los Pinos) to 6.6 (Grimau ;  Table 1 ).
Notably, the four DENVs were detected to be vertically transmitted in Ae. aegypti populations, and at least two distinct serotypes were recognised in all health areas (Figure 2 ), which showed different spatial distribution patterns of DENVs. Only Mantilla and P arraga contained all four DENV serotypes, whereas Grimau, Los Pinos and Capri contained three viruses (DENV-1, DENV-2 and DENV-3). DENV-1 accounted for the largest proportion (45.9%), followed by DENV-3 (43.2%), DENV-2 (32.4%) and DENV-4 (8.1%; Table 2 ).
DENV-infected larvae and pupae were detected in every month except January (Figure 2) . The most frequent serotype found in this study (serotype detected in the most number of months) was DENV-3 (0.73), followed by DENV-1 (0.64), DENV-2 (0.27) and DENV-4 (0.18). Of the 37 positive pools, 10 contained more than one serotype and the combination DENV-1 + DENV-3 was the most prevalent (Table 2) . Except for El ectrico, all municipal areas contained pools that were positive for more than one serotype (Table 2 ). Most pools with multiple serotypes infections were recorded in October and November (seven in total). Specimens from three of these 10 pools came from the same breeding site at Mantilla (two pools) and Grimau (one pool).
Spatio-temporal observations of dengue serotypes revealed October as the month in which all four viral serotypes were detected in pre-adult Ae. aegypti (Figure 2) , specifically in Mantilla. Moreover, in November, immature stages from all municipal health areas were infected. DENV frequencies in immature stages of vector populations varied spatially (0.63 in Los Pinos to 0.25 in Managua; Table 1 ).
Overall, we were able to obtain three nucleotide sequences of DENV-1, one of DENV-4 and one of DENV-3. Although DENV-2 was detected by RT-PCR, we failed to obtain quality sequences. DENV-1 sequences displayed 99-100% nucleotide identity with strains grouped into genotype V (Accession numbers: KC692517.1, KC692516.1 [22] ). DENV-3 sequence displayed 98% nucleotide identity with genotype III strains (Accession numbers: JF808119.1, JF808129.1), while DENV-4 sequence displayed 99% nucleotide identity with genotype II strains (Accession numbers: JQ513337. 1, JQ513336.1 [23] ). 
Discussion
Vertical transmission (VT) is considered an evolutionary mechanism that allows DENV to persist during adverse periods for horizontal transmission [10] . Our results suggest that the virus replicates inside immature stages of Ae. aegypti in Havana. Some have argued that vertical transmission of DENV is of little epidemiological importance [24] . However, others support the hypothesis that Ae. Aegypti-infected eggs can survive for months [25] and that they could hatch when favourable environmental conditions appear. Consequently, the emergence of infected females could eventually trigger the virus's transmission without previously biting infected humans [26] . Li et al. [27] recently detected RNA from the closely related zika virus in salivary glands of female, vertically infected Ae. aegypti, boosting the epidemiological relevance of vertical transmission in mosquitoes. Vertical transmission was verified at least once in all health areas during the study period. Notably, areas with fewer historical reports of human dengue cases such as Managua also tested positive [28] . These findings refute the idea of VT as a relatively infrequent event [21, 24] . Instead, we suggest that VT of DENVs, at least in the studied mosquito populations, is a common extrinsic physiologic outcome of DENV infection. Ovaries constitute secondary target organs during the viral colonisation of the vector [29] , which allows the virions to perpetuate in the mosquito 0 s offspring. A stabilized infection model has been proposed as a mechanism for the virus to be maintained in some insect populations [30, 31] . According to this model, VT allows the virus to achieve higher levels from relatively few infected females [26] , a fact that has also been observed by Joshi et al. [32] .
Detection of multiple DENV types in either immature stages or adult males of Ae. aegypti populations have been reported from endemic regions in Latin America [14, 33] and Southeast Asia [34, 35] . Indeed, it has been postulated that VT favours and conserves the sustained and co-circulation of DENV serotypes in endemic settings [35, 36] . Thus, high frequencies of VT could be both a source and a consequence of DENV persistence in a given region.
The DENV sequences obtained from Ae. aegypti pools allowed us to establish a confirmatory diagnosis of DENV-1, DENV-3 and DENV-4 serotype and genotypes (all of them circulating since those years in the Latin American region) [37] [38] [39] . Notably, the same genotypes were previously identified in virus isolates obtained from Cuban patients 2010-2014 [40] .
Vertical transmission studies, either under laboratory or field conditions, usually describe low infection rates (˂10) [24] . Accordingly MIRs in Arroyo Naranjo showed the previously described behaviour and the values were similar to those found in Thailand and Bolivia [11, 41] . In addition, arboviral infection rates typically exhibit considerable spatial and temporal variability in mosquito populations [42] , which is consistent with the variations in MIRs observed between areas.
Spatial distribution of DENVs in Arroyo Naranjo showed a stratified pattern. Areas with more circulating serotypes were those with higher population density and higher abundance and widespread distribution of Ae. aegypti according to the calculated entomological index [16] . Consistent with Ae aegypti ecology, heavily populated municipalities in Havana display greater mosquito abundance [43] . Thus, vector-human contact is enhanced and so is the risk of horizontal transmission and viruses spreading. Furthermore, the northern areas in Arroyo Naranjo municipality (Grimau, Los Pinos, P arraga, Mantilla) exhibit higher human flow since they are nearer to the metropolitan area with its many public dwellings (schools, offices, markets, etc.). Moreover, due to the small effective flight range of Ae. aegypti [44] , local human movements play a key role in DENV amplification and spread [45] . Thus, in those districts DENV 
dispersion could be increased due to constant population flow. Conversely, El ectrico and Managua are outlying areas with smaller populations, which explain their diminished human flow and DENV spreading potential. Similar arguments could explain the differences detected in DENVs' appearance frequencies between areas, since a correlation was observed between localities with greater serotype variety (Mantilla, P arraga, Los Pinos, Grimau y Capri) and those with higher appearance frequencies of DENVs (Los Pinos, Grimau, Mantilla y P arraga) in immature Ae. aegypti. Moreover, as expected, the majority of multi-serotype pools belonged to areas with high DENV variety. The higher frequency of DENV-1 + DENV-3 combination in such pools could be related to the fact that both viruses were the most frequent in Ae. aegypti from Arroyo Naranjo. However, the observed differences in serotype proportions can be related to the fact that different serotypes may have different VT rates as Lequime et al. [10] have suggested.
Notably, we detected more than one DENV in pools belonging to the same breeding site. Given the reproduction ecology of Ae. aegypti (female oviposits in multiple containers [46] particularly in sites containing immature conspecifics [47] ) it constitutes not only a driver for mosquito dispersal but also for vertically acquired DENV. Nevertheless, DENVs co-infection in a single larva cannot be ruled out and has recently been reported from India [35] . Regardless of the cause of co-detection of more than one virus in such pools, this fact points to co-circulation of DENVs in the mosquito population of Arroyo Naranjo. This fact, together with the sustained detection of dengue serotypes in immature vector population, could place the human population of the municipality at risk of transmission and more severe illness.
In any case, detection of VT of all four DENVs in Ae. aegypti points to their possible circulation within the human population in Arroyo Naranjo even when no human cases are reported, as was the case in 2013 and 2014, when DENV-1 was not reported in the country [48] . Several non-excluding hypotheses may explain why silent DENV-1 infection in humans is well represented in vector populations: (i) Virologic surveillance in Cuba only accounts for symptomatic patients that voluntarily go to health centres (asymptomatic cases are usually more frequent than symptomatic [7, 49] . The Cuban investigation yielded an unapparent/apparent ratio of 13/1; see [50] ).
(ii) DENV-1 is not frequently associated with severe disease in the Americas [51] ; and (iii) asymptomatic persons can still infect mosquitoes (see [52] for details).
The results obtained in this study support the incorporation of viral monitoring in pre-adult vectors as a strategy for DENV (and probably other arboviruses) surveys.
Xenomonitoring has been proposed as a useful approach to supplement existing public health efforts in developing regions of the world [14, 53, 54] . It has been suggested that routine xenosurveillance could provide early warnings by detecting emerging pathogens circulating in vulnerable populations. Xenosurveillance can also be targeted to support epidemiological services by collecting mosquitoes in areas where suspected pathogen transmission is occurring [53] . In addition, it has been demonstrated that surveillance of immature forms can be as informative as monitoring adults regarding the detection of DENV serotypes circulating in mosquito populations [13] . Moreover, larvae are easier, safer and cheaper to sample than adult mosquitoes. We should note also that eliminating vertically infected larvae from the endemic settings has been used as a new and effective strategy to control dengue transmission in Rajasthan, India [55] ; thus it could be incorporated into the routinely vector control measures. Thus, systems based in sampling and monitoring pre-adult stages are more suitable for the early detection of viral circulation to prevent dengue outbreaks.
